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Abstract

26
The recombinant protein production platform based on the GAP promoter and Pichia pastoris 27 as a host has become a very promising system from an industrial point of view. The need for 28 highly productive bioprocesses gives grounds for the optimization of fermentation strategies 29 maximizing yields and/or productivities, which are often associated with cell growth.
30
Coherent with previous studies, a positive effect of high specific growth rate (μ) on the 31 productivity was observed in carbon-limited chemostat cultivations secreting an antibody 32 fragment. Notably, no significant impact of this factor could be observed in the balance intra-
33
and extracellular of the product. Accordingly, fed-batch cultures operating at a constant high 34 μ were conducted. Furthermore, short carbon-starving periods were introduced along the 35 exponential substrate feeding phase. Strikingly, it was observed an important increase of 36 specific production rate (q P ) during such short carbon-starving periods in relation to the 37 exponential substrate feeding intervals. Therefore, the application of carbon-starving periods 38 as an innovative operational strategy was proposed, resulting into increments up to 50% of 39 both yields and total production. The implementation of the proposed substrate feeding 40 profiles should be complementary to cell engineering strategies to improve the relation q P vs 41 μ, thereby enhancing the overall bioprocess efficiency.
To study the effect of the secretory pathway saturation on the bioprocess efficiency, it is of 76 capital interest the reliable quantification and recovery of the total amount of product 77 accumulated intracellularly along a cultivation [20, 21] . Some previous studies focused on the 78 efficacy of high-pressure homogenization disruption procedures on methanol-based 79 cultivations, as it is known that cells growing on this substrate present a significant widening 80 of the cell wall thickness [22, 23] . In addition, since an important amount of the protein of 81 interest is expected to be retained through the secretory pathway, besides the soluble part of 82 the cell lysates, the insoluble fraction must be taken into account in order to avoid an 83 underestimation of the target product, as it contains the cell membranes, endoplasmic 84 reticulum (ER), Golgi and other organelles where the protein of interest may be retained [24] .
85
A reliable quantification of the product present in the insoluble fraction requires an extraction
86
procedure that involves the use of detergents, which its efficiency is protein-dependent.
87
Previous studies concerning the P GAP -based expression system described an important effect 88 of the specific growth rate () on the bioprocess productivity in both chemostat and fed-batch 89 cultivations. These studies conclude that a high  positively affects the production rates of 90 protein [25, 26] . The most commonly used cultivation strategies for this system are relatively 91 simple, these are basically based on the implementation of feeding rate profiles for the 92 substrate addition that maintain the desired specific growth rate; constant feeding rate for 93 chemostat operations, and pre-programmed exponential feeding profiles for fed-batch 94 cultivations [11, 13] . On the other hand, Kern et al. [27] described an important productivity 95 increase of proteins driven by P GAP upon short-time depletion of glucose. This effect was 96 observed in shake-flask cultures, but it has not been reported for high-density fed-batch 97 cultures.
98
The aim of the present work is to systematically elucidate the effect of the specific growth 99 rate on protein secretion capacity by studying the balance intra-and extracellular of product 100 in carbon-limited chemostat cultures of P. pastoris growing in a wide range of dilution rates.
101
Based on these studies, high-cell density fed-batch cultures at high specific growth rate were 102 conducted to both study the effect of carbon source starvation periods on the secretory 103 efficiency of the recombinant protein and in the overall process productivity and yields, all 104 together as an innovative operational strategy.
105
A strain expressing the human 2F5 antigen-binding fragment (Fab) 
125
Minor differences were applied to the cited compositions, which are detailed below. Glucose
126
concentration was 50 g L -1 , Biotin 0.02% (1 mL), PTM 1 (1.6 mL) trace salts stock solution 
165
(1)
166
Where X (%) is the degree of disruption; n, the initial number of cells before disruption; n i ,
167
number of non-disrupted cells after each pass. Determinations were performed by triplicate.
168
Relative standard deviation (RSD) was estimated to be about 2%. 
170
Protein extraction was carried out in chilly conditions. Fraction pellets were resuspended by 171 pipetting in 1 mL extraction buffer supplemented with detergent and then vortexed. Extracts
172
were incubated in gently shaking at 4 ºC, clarified by centrifugation (2300 g, 5 min, 4 ºC)
173
and supernatants were stored as IMF extracts.
174
For the initial study focused on a screening for the detergent and buffer optimization, three 
181
Once the optimal combination of buffer and detergent was selected, different CHAPS 
208
was used for on-line exhaust gas analysis in chemostat cultivations. Exhaust gas humidity was
209
reduced by using a condenser (water at 4 ºC) and two silica gel columns. 
221
Specific rates (q i ) typically conversions rates related to the biomass concentration (equation 
229
For an ideal stirred tank-reactor, considering conversion rates of biomass formation, substrate 230 uptake and product formation, the following mass balance equations for the continuous 231 operation at steady state can be formulated:
where μ is the specific growth rate (h 
288
No major differences were observed in terms of cell disruption between using 2 kbar or 2.5 289 kbar. Otherwise, an important increase in the extent of cell disruption from one disruption 290 pass to two has been observed, while further passes only increased it slightly. In relation to
291
Fab recovery levels, the amounts were similar when using 2 kbar regardless the disruption 292 passes, while a decrease on Fab recovery was observed when using 2.5 kbar as working 293 pressure. Thus, 2 passes at 2 kbar were selected as the optimal working conditions for Fab
294
2F5 recovery.
295
In order to achieve a reliable quantification of intracellular proteins and its potential recovery, 
324
were validated using the standard data consistency check and reconciliation procedures 325 described in materials and methods section. These tests confirm the robustness and the 326 reliability of the results obtained from the chemostat cultivations performed.
327
The main specific rates of the cultivation are plotted in Fig 4A. The parameters related to cell 328 growth (q Glu , q O2 and q CO2 ) presented a similar behaviour; they increased according to the .
329
In contrast, RQ remained constant since the proportion between q O2 and q CO2 was rather 
335
for μ = 0.025h -1 ). In contrast, no important effect of the specific growth rate was observed in
336
Fab distribution among the different fractions studied; for all the cases, around 90% of the
337
Fab was secreted, 7.5% and 2.5% was detected respectively in the SCF and the IMF. It is also 338 important to mention that, accordingly to q Glu variation on µ shown in Figure 4A , a significant 339 decrease of the overall biomass yield at low  was observed, which is due to the higher 340 proportion of maintenance energy requirements respect the total energy available for growth
341
[43].
342
The cause of this important q P increase have been discussed by other authors, who attributed 343 this effect to several factors. 
393
every 3 h of standard pre-exponential feeding profile. In Fig. 5a the innovative profile is set 394 side by side with the conventional strategy. In addition, q P profiles are also compared, from 395 which it can be observed that during the periods when the feeding is stopped, and thus the 396 cells are subjected to carbon-starving conditions, there is a very important increase of the 397 specific production rate, the effect that was aimed to be exploited in this work. In Fig. 5b 
416
between 15% for the strategy A and more than 40% for the strategy C. However, in terms of 417 specific production rate, the results obtained applying the innovative feeding strategy were 418 not always better respect to the conventional pre-exponential feeding profile. The strategies B
419
and C lead to moderate specific production rate enhancements, between 5 and 10%. On the 420 other hand, for the strategy concerning the longest carbon-starving periods (Strategy A, 1 h of 421 starvation), even though the total Fab produced was significantly higher, its productivity rates 422 were significantly lower. This fact is due to increased bioprocess times because of the carbon-
423
starving periods. When cell productivity during the carbon-starving periods is not higher than
424
in the growing periods, the overall bioprocess productivity levels will end up being lower.
425
Considering all the compared production parameters, strategy C, based on the combination of 426 1.5 h of feeding followed by 0.5 h of starvation, lead to the best results. The production 427 increment presented can be considered as an important operational improvement for the P GAP -428 based expression system. A similar intermittent feeding strategy was previously proposed by
429
Heo et al.
[47] for fed-batch cultivations of the yeast Hansenula polymorpha presenting
430
positive results respect to the conventional feeding profiles.
431
In addition, the amount of Fab secreted to the cultivation broth during the carbon-starving 432 periods was monitored in order to be able to describe the evolution of product increase along 
439
corresponding to the time constant of the first-order system. Consequently, in order to achieve
440
the best results for all the productivity rates, the carbon-starving periods longer than 30 min
441
should be avoided since the increase of production after 30 min of no feeding is relatively 442 small.
443
The distribution of the Fab expressed by the recombinant P. pastoris strain among the 
455
Therefore, it could be concluded that the increase of secreted Fab is due to the fact that during 
474
As a conclusion, the implementation of carbon-starving periods in fed-batch cultivations can 475 be considered as a truly step forward in the optimization of recombinant protein production 476 processes using P. pastoris. In general, the optimization of these bioprocesses depends mainly 477 on the relationship between product formation and biomass growth. The interdependence of 478 these factors is of key importance regardless of the selected criterion for the optimization,
479
both maximizing yield and productivity [7] . In fact, in large-scale industrial fermentation 480 processes, biomass is frequently considered as an unavoidable waste product but essential,
481
due to most of microbial production processes are growth-associated. Furthermore, as in the 482 case described in this work, very often the higher specific production rates are obtained at 
492
The trade-off between yield and productivity is key in the design of a bioprocess and its
493
optimal performance.
494
Consequently, some authors have proposed different approaches to deal with this scenario.
495
For the system based on P GAP , Maurer et al. 
502
In the present work it has been proposed a non-complex fermentation strategy that makes 503 possible at the same time the growth of the yeast at very high specific growth rates and to 504 prolong the bioprocess. Initially, significant increase of the q P has been described during short 505 carbon-starving periods respect to fed phases. Therefore, by exploiting this effect, important 506 overall increases both in productivity and, especially, in total amount of product formation
507
and yields (Y P/S , Y P/X ) have been described for the bioprocess. This innovative strategy can be 508 considered as an important operational improvement for the P GAP -based expression system. In Table 2 Figure 1a
